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MitochondriaThe rates of NADH-supported superoxide/hydrogen peroxide production by membrane-bound bovine heart
respiratory complex I, soluble pig heart dihydrolipoamide dehydrogenase (DLDH), and by accompanying
operation of these enzymes in rat heart mitochondrial matrix were measured as a function of the pool of
pyridine nucleotides and its redox state. Each of the activities showed nontrivial dependence on nucleotide
pool concentration. The NAD+/NADH ratios required for their half maximal capacities were determined.
About half of the total NADH-supported H2O2 production by permeabilized mitochondria in the absence of
stimulating ammonium could be accounted for by DLDH activity. The signiﬁcance of the mitochondrial
NADH-dependent hydrogen peroxide production under physiologically relevant conditions is discussed. This
article is part of a Special Issue entitled: 17th European Bioenergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria isolated from various tissues produce hydro-
gen peroxide when incubated aerobically in the presence of
oxidizable substrates [1–3]. The speciﬁc rates of themitochondrial H2O2
production published in numerous reports vary signiﬁcantly, being
dependent on particular tissue, substrate-electron donor (see, for
example, Refs. [4–6]), ionic composition, and pH, and also on the assay
methods employed. Despite these variations a general phenomenon is
evident: coupled mitochondria (state 4 respiration) show high rate of
hydrogen peroxide formation, whereas much lower H2O2 production is
seen during uncoupled or state 3 respiration unless some speciﬁc
inhibitors of the respiratory chain are present [1,7,8]. An obvious
explanation for this phenomenon is that the rate of H2O2 formation in
themitochondrial matrix in the presence of NAD+-dependent substrates
or succinate directly correlates with the redox state of the NADH/NAD+
couple, the actual electron donor/acceptor pair for the site(s) where one-
or two-electron reduction of oxygen proceeds (see Ref. [9] for the
contrary). It is very hard, if not impossible; to gain direct information on
the nature and properties of the enzymes that generate hydrogen
peroxide and/or superoxide from the data obtained using intact
mitochondria. When external H2O2 released by respiring mitochondria
is measured in either state 4 or state 3, the net rate is a complex functionenase; ROS, reactive oxygen
drial particles
17th European Bioenergetics
gradov).
rights reserved.of multiple parameters such as permeation/exchange of the respiratory
substrate/product, activities of corresponding matrix located dehydroge-
nases and “antioxidant” enzymes (superoxide dismutase, glutathione
reductase, glutathione peroxidase, catalase), glutathione content, intra-
mitochondrial concentrations of NADH/NAD+ and NADPH/NADP+,
permeability of the mitochondrial membrane for hydrogen peroxide,
and at last, possibly at least, on the activities of actual generators.
More explicit information on the respiratory chain component-
mediated H2O2/O2 (conventionally called ROS) production have been
accumulated from studies using inside–out submitochondrial parti-
cles (SMP) essentially devoid of the matrix-located generators and
“antioxidant” enzymes [10–14]. About two-thirds of the succinate-
supported superoxide generation by coupled SMP via the reverse
electron transfer pathway is blocked by rotenone [14] or NADH-OH
[15], a speciﬁc complex I nucleotide binding site-directed inhibitor
[16], whereas the residual, strongly stimulated by Antimycin A
reaction is catalyzed by complex III [17–19]. This suggests that
complex I is a major contributor to the respiratory chain-mediated
superoxide production. Puriﬁed preparations of complex I are also
known to catalyze NADH-supported superoxide formation [20–22].
Almost equal superoxide production by SMP is seen during succinate-
supported reverse electron transport or in the presence of optimal
(50 μM) NADH and rotenone [23]. Both, reverse electron transfer-
supported and forward NADH oxidation-supported superoxide gen-
eration by SMP are inhibited by high (millimolar) concentration of
NADH and low (μmolar) concentration of NAD+ [14].
A fraction of matrix located proteins have been shown to
catalyze NADH-supported, ammonium-stimulated H2O2 produc-
tion [24]. Dihydrolipoamide dehydrogenase (DLDH), E-3 compo-
nent of several lipoamide-dependent enzymes, has been identiﬁed
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previously described α-oxoglutarate dehydrogenase as a potential
source of mitochondrially generated hydrogen peroxide [26,27]. In
the presence of stimulatory ammonium at ﬁxed NADH concentra-
tion (50 μM), most of the total H2O2 production (up to 90%) by
alamethicin-permeabilized rat heart mitochondria is catalyzed by
DLDH [28]. To get greater insight into the physiological signiﬁcance
of complex I- and DLDH-mediated activities, it seemed of interest
to determine how hydrogen peroxide production depends on the
total NAD+ (NADH) pool concentration and on its redox state. In
this paper, data on these dependences are reported along with
those measured for alamethicin-permeabilized mitochondria, i.e.
under the conditions where these enzymes conjointly operate
within their natural protein environment and where the pool as
well as the redox state of the NAD+/NADH pair can be deliberately
varied [29].Fig. 1. Inhibition of NADH oxidase and NADH-supported superoxide production catalyzed
by SMP. SMP (2 mg protein/ml) were preincubated and assayed in themixture composed
of 0.25 M sucrose, 50 mM Tris-Cl (pH 8.0), and 0.2 mM EDTA for 15 min with NADH-OH
(concentrations are indicated on abscissa) and their NADH oxidase (open symbols) and
superoxide-sensitive NADH:acetylated cytochrome c reductase (ﬁlled symbols) activities
were assayed at 30 °C. Gramicidin (0.05 μg/ml) was added to NADH oxidase assay
mixture. NADH (50 μM), acetylated cytochrome c (10 μM) and rotenone (5 μM) were
added when superoxide production was measured. The reactions were initiated by the
additions of SMP (100 μg protein/ml). Hundred percent activities correspond to 0.85 μmol
of NADH oxidized and 1.5 nmol of cytochrome c reduced per min per mg protein. NADH-
OH used was not 100% pure and its concentrations shown in abscissa can be used only as
approximate measure of complex I content in SMP (0.11 nmol/mg protein).2. Materials and methods
Rat heart mitochondria were isolated essentially as described [30].
Bovine heart submitochondrial particles (SMP) were prepared, coupled
by treatment with oligomycin, and activated according to our standard
protocol [31,32]. Rat heartmitochondriawere permeabilized [29] in the
standard reaction mixture by preincubation with alamethicin (20 μg/
ml) and 5 mMMgCl2 for 1 min.
Pig heart DLDH was obtained from Calzyme (U.S.A.). Rat heart
mitochondria and bovine heart SMP were used for comparison to be a
compromise between the requirements for intact right-side-out and
notoriously inside-out preparations, respectively, assuming that no
signiﬁcant difference in the properties and speciﬁc activities exist for
either species. Separate experiments showed that all catalytic proper-
ties of commercially available DLDHwere the same as those previously
described for the enzyme puriﬁed from bovine heart mitochondrial
matrix [25]. Bovine heart complex I was puriﬁed according to Hateﬁ
[33].
The standard reaction mixture for all assays except for those
described in Figs. 1 and 4 was composed of 0.25 M sucrose, 10 mM
KCl, 0.1 mMEDTA-KOH, and 5 mMpotassium phosphate, pH 7.5 (other
additions are indicated in the legends to the tables and ﬁgures). H2O2
generation was monitored at 30 °C at 572 nm (formation of resoruﬁn,
ε572–600=54mM−1 cm−1 [34]) in the standard reaction mixture
supplemented with 20 μM Amplex Red, horseradish peroxidase
(2 units/ml), and superoxide dismutase (SOD) from bovine erythro-
cytes (6 units/ml). Note should be made that in agreement with an
earlier report [35], freshly prepared NADH solution contained signiﬁ-
cant hydrogen peroxide, which is increased upon storage. A substantial
amount of rapid resoruﬁn formation was detected when NADH,
particularly its high concentrations, was added to the assay mixture in
the absence of added SMP or DLDH. SMP- and DLDH-catalyzed
hydrogen peroxide generation was initiated by the addition of the
enzymes to the assay system. Superoxide production was measured as
SOD-sensitive acetylated cytochrome c (10 μM) reduction at 550 nm
(ε550=20 mM−1 cm−1) as described before [14].
The succinate oxidase activity of SMP was monitored as fumarate
formation measured as an increase in absorption at 278 nm
(ε278=0.3 mM−1 cm−1). Separate experiments showed that the
same speciﬁc succinate oxidase activity is detected whenmeasured
either amperometrically with an oxygen-sensitive electrode or by
photometric assay at 278 nm. Protein content was determined by
the biuret procedure.
Amplex Red was from AnaSpec, Inc. (U.S.A.); other ﬁne chemicals
were from Sigma-Aldrich (U.S.A.). NADH-OH was kindly provided by
Dr. Gary Cecchini (Molecular Biology Division, VA Medical Center and
Department of Biochemistry & Biophysics, University of California,
San Francisco).3. Results
Three instrumental approaches were used in this study to discrim-
inate between complex I- and DLDH-mediated mitochondria H2O2
production: (i) use of NADH-OH as the speciﬁc tight inhibitor of all
NADH-dependent complex I activities [15,16]; (ii) ammonium as the
speciﬁc activator of DLDH-catalyzed reaction [25], and (iii) alamethicin-
induced permeabilization of intact rat heart mitochondria, a procedure
which allows intentional variation of lowmolecular mass constituents in
the mitochondrial matrix [29]. Several preliminary experiments were
carried out to test the suitability of these approaches and to exclude
possible nonspeciﬁc effects on complex I- and DLDH-mediated activities.
First, SMP-catalyzed NADH oxidase and NADH-supported superoxide
production was titrated by NADH-OH (Fig. 1). Either activity was equally
prevented upon NADH-OH increase, showing the titration pattern
characteristic for a single site-directed high afﬁnity (Ki≤enzyme
concentration) inhibition. Table 1 depicts the effects of NADH-OH and
NH4Cl on the speciﬁcH2O2/O2generating activities of various preparations
measured at optimal (50 μM) NADH concentration. Ammonium affected
neither SMP-bound nor puriﬁed complex I-catalyzed reactions, whereas
about 6-fold stimulation of DLDH-catalyzed activity was seen for either
soluble puriﬁed enzyme or for permeabilized mitochondria. Interestingly,
slight stimulation of SMP-catalyzed reaction by ammoniumwas observed
(Table 1, sample 1). This stimulationwasmuchmore prominent (about 4-
fold) in the presence of NADH-OH, when complex I-mediated activitywas
prevented (sample 2). These observations suggested that bound DLDH is
present in SMP preparations. Indeed, NADH:lipoamide oxidoreductase
activity was detected in SMP. We were unable to remove the residual
NADH-supported, NADH-OH insensitive, ammonium stimulated hydro-
gen peroxide generating activity by repeated washing of SMP under
various conditions. Studies on DLDH which is present in the inner
mitochondrial membranes were not further elaborated in the present
studies and are under current investigation in our laboratory. As shown in
Table 1, ammoniumdid not affect complex I-mediated activity andNADH-
Table 1
Hydrogen peroxide production by inside-out submitochondrial particles, soluble
dihydrolipoamide dehydrogenase, puriﬁed complex I and permeabilized mitochondria.
Enzyme preparation Speciﬁc rate of H2O2 formationa
nmol/min/mg of protein
(pH 7.5, 30 °C)
−NH4Cl +NH4Clb
1 SMP 4.0±0.3 5.3±0.3
2 +NADH-OHc 0.36±0.1 1.7±0.1
3 Puriﬁed complex I 15.8±0.4 15.8±0.4
4 +NADH-OHc 1.0±0.2 1.0±0.2
5 DLDH 100±10 610±46
6 +NADH-OHc 100±10 610±46
7 Permeabilized mitochondria 5.4±0.5 22.0±0.6
8 +NADH-OHc 2.9±0.3 21.5±0.6
a NADH (50 μM) as the substrate.
b 30 mM NH4Cl was added to the standard assay mixture.
c Preincubated with NADH-OH (5 nmol/mg of protein) at ambient temperature for
1 min.
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fraction of hydrogen peroxide producing activity of SMP (complex I-
mediated activity) was measured as a function of pool (NAD++NADH)
concentration with NADH only and at two different NAD+/NADH ratios
(Fig. 2A). Qualitatively similar behavior was seen at any NAD+/NADH
ratio: the dependences exhibited an optimum in the range of 50–100 μM
of the nucleotide and showed strong sensitivity to the product/substrate
ratio. This is more clearly seen from the data presented in Fig. 2B, where
the activity was measured as a function of NAD+/NADH ratio at optimal
(50 μM, curve 1) andhigh (500 μM, curve 2) pool concentrations. The half-
maximal activities observed upon variation of NAD+/NADH ratio
(externally poised redox potential) were different for optimal and high
(NAD++NADH) pool (0.2 and 0.05, respectively).
The results of the same experimental series for the soluble DLDH
are depicted in Fig. 3. To simplify comparison, only the data obtained
in the presence of activating ammonia are shown, because the same
stimulatory effect (about six-fold increase in the presence of 30 mM
NH4Cl) was seen at any pool or fractional NADH and NAD+
concentration, although in agreement with our previous data [25]
the apparent Km for DLDH NADH-supported activity was slightly
changed (6 and 17 μM in the absence and presence of ammonium,Fig. 2. Nucleotide concentrations and their redox state dependences of NADH-supported
addition of SMP (100 μg/ml) to standard reaction mixture supplemented with rotenone (5 μ
the curves are NAD+/NADH ratios. The NADH-OH insensitive activities of SMP preincuba
subtracted. (B) Redox state dependence of reactions measured at optimal (50 μM, open cirrespectively). Essentially the same as for complex I activity, patterns
of the NAD+/NADH ratio dependences were obtained at different
nucleotide pool concentrations (50 and 500 μM) with half-maximal
activity corresponding to 0.17 and 0.06 for NAD+/NADH ratios,
respectively.
It has been shown that the rates of ROS production by mitochondria
[2], SMP [23], and complex I [21] linearly dependonoxygen concentration.
The results presented in Fig. 4 show that this is also true for the DLDH-
catalyzed reaction. The following experimental approach was used.
Because succinate oxidation catalyzed by SMP proceeds as a zero-order
reaction of oxygen consumption, its residual concentration during
succinate oxidation is strictly linearly dependent on time as shown in
Fig. 4A (line 1). The time course of H2O2 formation by DLDH added to the
mixture containing SMP oxidizing succinate in the presence of rotenone
and NADH-OH (added to avoid complex I-mediated reactions) was
followed (Fig. 4A, curve 2). Because oxygen consumption capacity of
succinate oxidase of SMP is much higher than that of added DLDH, the
amount of oxygen consumed in the H2O2-producing reaction could be
neglected.When the rate of DLDH-catalyzed H2O2 productionwas plotted
as a function of the residual oxygen concentration (Fig. 4B), a straight line
corresponding to a ﬁrst-order reaction was obtained. If the initial rate of
DLDH-catalyzed reaction wasmeasured in reactionmixture bubbled with
pure oxygen for 10min, the activity signiﬁcantly increased, reasonably
corresponding to ﬁrst-order dependence.
Next, the dependences of NADH-supported H2O2 production on
pool concentration and fractional reduction of nucleotides were
determined for permeabilized mitochondria where both “major”
generators are present within their natural environment. Fig. 5 shows
the relative contribution of complex I and DLDH to the overall
hydrogen peroxide formation in the absence of stimulatory ammo-
nium. At optimal NADH concentration, mitochondria produced
6 nmol/min/mg of H2O2, a value which was gradually decreased
upon increase in NADH concentration. About half of the total
production resulted from DLDH activity at any nucleotide pool
concentration (as evident from partial inhibition by NADH-OH).
When DLDH was stimulated by ammonium, the total activity
increased 5-fold and only slight inhibitory effect of NADH-OH was
seen (Fig. 5B). No signiﬁcant difference in the nucleotide redox state
dependence of non-stimulated and ammonium-stimulated reactions
was observed. The data on sensitivity of complex I- and DLDH-
mediated NADH-supported hydrogen peroxide production to thehydrogen peroxide production by SMP-bound complex I. Reactions were initiated by
M). (A) Total added nucleotide concentrations are indicated on the abscissa; ﬁgures on
ted with NADH-OH (5 nmol/mg protein) (about 10% of the total, see Table 1) were
cles) and high (500 μM, ﬁlled circles) nucleotide pool.
Fig. 3. Nucleotide concentrations (A) and their redox state dependences (B) of ammonium-stimulated hydrogen peroxide production by soluble dihydrolipoamide dehydrogenase.
Reactionswere initiated by addition of DLDH (2 μg/ml). Figures on curves are NAD+/NADH ratios. Open and ﬁlled symbols in (B) correspond to pool concentrations of (NAD++NADH) of
50 and 500 μM, respectively.
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data reported by other groups are also presented for comparison.
4. Discussion
When no electron acceptors other than oxygen are present, both
NADH-reducedmembrane-bound complex I and soluble DLDHproduce
O2/H2O2 and show qualitatively similar and expected kinetic pattern
that is non-hyperbolically dependency on NADH concentration. The
turnover numbers in oxygen reduction for either enzyme are several
orders of magnitude lower than those in their major catalytic activities,Fig. 4. Oxygen dependence of NADH-supported, ammonium-stimulated hydrogen peroxide
formation (curve 1) and H2O2 production by a mixture of SMP and soluble DLDH (curve
rotenone (5 μM), NADH-OH (5 nmol/mg protein), NADH (200 μM), ammonium chloride
(10 mM), and gramicidin (0.05 μg/ml). A mixture of SMP (65 μg/ml), DLDH (2 μg/ml), and s
was left above the solution) and zero-order formation of fumarate was followed as an increa
abrupt termination of succinate oxidation, the same experiment was carried out in the prese
Material and Methods section), and resoruﬁn formation was recorded (curve 2). Control exp
formation by SMP (about 15% of that catalyzed by the soluble added DLDH) and SMP-cat
derivative of difference between curve 2 and curve 3 (panel A) (rate of DLDH-catalyzed H2O
Point at 750 μM oxygen corresponds to the initial rate of H2O2 formationmeasured in the rea
this sample was determined as shown in panel A, line 1, as the amount of fumarate formedreversible NADH:ubiquinone and NADH: lipoamide oxidoreductase
reactions, respectively. Thus, it is safe to assume that at any NADH and
NAD+ concentrations all enzyme–substrate (product) complexes are in
true equilibrium. In the simplest model, if only a single oxygen-reactive
enzyme-bound species and a single NADH (NAD+) binding site exist
and concentration of NAD+ is negligible, at least two reduced forms of
the enzyme are expected to be present at any NADH concentration,
those being free reduced protein and reduced protein–NADH com-
plexes. Their particular concentrations are not simple hyperbolic
functions of NADH concentration. Relative afﬁnities of NADH to
oxidized and reduced enzyme as well as intermolecular equilibriumformation by soluble dihydrolipoamide dehydrogenase. (A) Actual tracings of fumarate
2). The standard reaction mixture contained no sucrose and was supplemented with
(30 mM), ethanol (100 mM), alcohol dehydrogenase (60 units/ml), semicarbazide
uccinate (5 mM) was added, the cuvette was covered to avoid oxygen diffusion (no air
se in absorption at 278 nm (line 1). After all oxygen was consumed as was evident from
nce of hydrogen peroxide registration system (Amplex Red, horseradish peroxidase, see
eriments with no added DLDH were performed to take into account hydrogen peroxide
alyzed reaction (curve 3) was subtracted from the total (SMP+DLDH) one. (B) First
2 production) as a function of oxygen concentration, calculated from curve 1 (panel A).
ction mixture bubbled with pure oxygen for 10 min. The actual oxygen concentration in
during complete oxygen consumption.
Fig. 5. Nucleotide concentration dependences of NADH-supported hydrogen peroxide production by permeabilized mitochondria in the absence (A) or in the presence (B) of
30 mM ammonium. Standard reaction mixture was supplemented with rotenone (5 μM). NADH-OH (5 nmol/mg protein) was present where indicated (open symbols). Rat heart
mitochondria (25 μg protein/ml) were preincubated with alamethicin (20 μg/ml) and 5 mM MgCl2 for 1 min. The reactions were initiated by simultaneous addition of NADH and
NAD+. Figures on the curves are NAD+/NADH ratios.
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that set fractional content of the reduced enzyme species. It seems likely
that their oxygen reactivities are more or less different for different
reduced enzyme forms. Although this study was not intended to
analyze themechanism ofO2/H2O2 production by complex I and DLDH,
the shapes of the curves (Figs. 2A and 3A) for NADH-supported
hydrogen peroxide formation by either enzyme merit brief comments.
The most likely oxygen-reactive protein-bound component is fully
reduced ﬂavin (FMNH− in complex I and FADH− in DLDH) [21,23],
although ﬂavosemiquinone and ubisemiquinone have also been
suggested as superoxide-producing species in complex I [22]. In
contrast to auto-oxidizable free reduced ﬂavins [38,39], ﬂavoproteins
are remarkable in their extremely variable oxygen reactivity and
product species (superoxide anion and hydrogen peroxide) [39–41].
Isolated mammalian complex I have been reported to produce
only superoxide [21], whereas the membrane-bound complex (SMP)
[42] and DLDH [43] are capable of H2O2 and superoxide production.
The ﬁrst-order nature of oxygen reduction catalyzed by isolated
complex I [21], SMP [23], mitochondria [2,44], and DLDH (Fig. 4B)Table 2
Mitochondrial hydrogen peroxide production at variable pool and redox state of pyridine n
Enzyme system Maximal rate observeda
(2 electron-equivalents/min/mg)·109
(N
Complex I (SMP) 2.8 5
1.9 5
DLDH
(pig heart soluble enzyme)
115 5
100 5
+NH4Cl 650 5
660 5
Rat heart
permeabilized mitochondria
7.2 5
6.7 5
+NH4Cl 26 5
33 5
Complex I (bovine heart SMP) 0.5 V
Rat heart mitochondria 0.2 In
b
Complex I (rat brain SMP) Not reported 1
Puriﬁed bovine heart complex I 25 V
a At optimal (30–50 μM) NADH concentration.
b Ratio corresponding to half maximal activity.
c Calculated from the original data published as activity versus NADH:NAD+ redox potensuggests that no speciﬁc oxygen-binding sites are involved in
mitochondrial one- or two-electron reduction of oxygen. If ﬂavin or
its oxygen-reactive site (4a position in the isoalloxazine ring) is not
exposed to the solvent, the ﬁrst-order oxidation rate constant reﬂects
a diffusion of oxygen through a single channel or several “channels”
arising due to the protein dynamics. Either “pathway” for oxygenmay
be different in free and substrate-loaded reduced protein. Simulta-
neous formation of superoxide anion and hydrogen peroxide [42]
suggests that no unique mechanism of oxygen reduction operates
during the reaction. Interestingly, the inhibition of complex I-catalyzed
hydrogen peroxide formation by high NADH concentrations (Fig. 2A),
(also seen for DLDH, Fig. 3A) is signiﬁcantly less pronounced than that
previously reported for its superoxide generation activity [14]. At
present no simple explanation for this puzzling phenomenon can be
offered.
Both complex I and DLDH activities are very sensitive to NAD+/
NADH ratio (Table 2). Half-maximal activities at 50 μM pool concen-
tration were observed at the ratios of 0.2 and 0.17 for complex I and
DLDH, respectively. As these “half-maximal” ratios depend on the totalucleotides.
AD++NADH) pool μM (NAD+/NADH)0.5
ratiob
Reference
0 0.20 This paper
00 0.05
0 0.17 This paper
00 0.06
0 0.16
00 0.06
0 0.07 This paper
00 0.07
0 0.10
00 0.05
ariable 0.2 [13]
tramitochondrial nucleotides buffered
y acetoacetate/oxobutyrate couple
0.01c [36]
000 15c [37]
ariable 30–200 μM 0.1c [21]
tial graphs.
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protein-bound ﬂavin (as one would estimate using the Nernst equation
andwell deﬁnedNAD+/NADH couple redox potential); rather, as noted
above, they are complex functions of the nucleotides binding constants
and intermolecular redox equilibrium. The “redox state buffer”
dependence of complex I-mediated reaction has been previously
reported for mitochondria from rat heart [36], rat brain [37], bovine
heart submitochondrial particles [13], and isolated bovine heart
complex I [21].
Intramitochondrial NAD+/NADH ratio is evidently a crucial param-
eter for superoxide/hydrogen peroxide activity. Average content of
NADH+NAD+ in heart mitochondria (values reported by different
groups using different extraction procedure [45–47]) is in a range of
5–7 nmol/mg protein. The water content in the mitochondrial matrix
space is variable being dependent on osmolarity, ionic composition, and
metabolic state. About 1 μl of water/mg of mitochondrial protein is an
average value reported (with considerable variation) by different
groups [48–50]. This corresponds to the molar nucleotide pool
concentration of 5–7 mM. A considerable part of the intramitochondrial
NADH (and NADPH) is protein-bound, as evident from the strong
increase in the ﬂuorescence quantum yield, blue shift of its maximum
[45,51], and heterogeneous distribution of mitochondrial ﬂuorescence
lifetimes [52,53]. We could not ﬁnd data on partial distribution of free
and protein-bound NAD+ in the mitochondrial matrix, but it seems
likely that in intact mitochondria complex I is always saturated by its
substrate/product.
The steady-state level of 1.7 for the mitochondrial NAD+/NADH
ratio in starved rat liver cells incubated with 5 mM lactate has been
reported [54]. There are no reasons to believe that this ratio is
considerably lower in heart. Indeed, a signiﬁcant fraction of pyridine
nucleotides are oxidized in vivo in brain and kidney [51], resting
myocytes [55], and in perfused heart [56] under normoxic conditions.
With an assumption that nucleotide-binding sites of complex I and
DLDH are in mitochondria saturated by the NAD+/NADH couple, our
data on hydrogen peroxide generation by permeabilized mitochon-
dria in the absence of stimulating ammonia (Fig. 5 and Table 2)
suggest that the mitochondrial H2O2 production in heart under
normoxic metabolically active physiological conditions proceeds at
the rate that is less than 20% of their maximal capacity. Mitochondria
are a source and a sink for intracellular hydrogen peroxide [57]. Their
contribution to the overall production is undoubtedly tissue-speciﬁc,
and as has recently been pointed out [58], the widely circulated in
current literature statement that “mitochondria are the major source
of cellular ROS production” should be considered with great precautions.
Availability of oxygen is the other crucial factor for both complex I
and DLDH hydrogen peroxide production due to their apparent ﬁrst-
order dependences (see Refs. [21,23] for complex I). Considering the
physiological signiﬁcance of mitochondrial hydrogen peroxide pro-
duction, a paradox is evident: mitochondria are capable of signiﬁcant
ROS generation only when their pyridine nucleotide pool is highly
reduced; on the other hand, this state arises only under strongly
hypoxic conditions when ROS production is expected to be signiﬁ-
cantly decreased due to the ﬁrst-order nature of oxygen reactivity. A
burst of mitochondrial ROS production is, however, expected during
anoxia/normoxia transition when anaerobically deactivated complex
I [59] is only slowly acquiring its NADH oxidizing capacity.
The last point to be brieﬂy discussed concerns the nature and
physiological relevance of DLDH stimulation by ammonium (Refs
[24,25] and Fig. 5). More than half of the overall hydrogen peroxide
formation by permeabilized mitochondria is catalyzed by DLDH in the
absence of ammonium, and this proportion is not signiﬁcantly
changed upon variation of the pool of nucleotides (Fig. 5A). Most of
the ammonium stimulated overall production (about 5-fold in-
creased) is catalyzed by DLDH (almost no sensitivity to NADH-OH
was seen (Fig. 5B)). The apparent afﬁnity of DLDH for ammonium in
its stimulatory effect is quite low (higher than millimolar range[25]). On the other hand, the stimulation is highly speciﬁc: guanidine
chloride (10 mM), methyl-, dimethyl-, trimethyl-amines (30 mM
each), lysine, arginine, and spermine (10 mM each) do not stimulate
DLDH-catalyzed hydrogen peroxide formation (negative results
from this laboratory, not shown). It worth noting that we were
unable to ﬁnd in the literature enzymes involved in nitrogen
metabolism that have high afﬁnity for ammonium. Whether stimula-
tion of DLDH by ammonium is physiologically relevant would depend
on permeability of the inner mitochondrial membrane for ammonium
cation or ammonia. Classical data on large amplitude swelling of
mitochondria suggest that ammonia diffuses through the inner
mitochondria membrane [60]. This does not exclude a possibility that
a speciﬁc carrier for ammonium exists in mitochondria. Recently
aquaporin-8 (AQP8) has been shown to facilitate mitochondrial
ammonia transport [61]. Whatever the actual mechanism of mitochon-
drial ammonium transport is, a possibility of signiﬁcant concentration
gradient between intra- and extramitochondrial compartments cannot
be ruled out.
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